The incomplete fusion dynamics of 6 Li + 209 Bi collisions at energies above the Coulomb barrier is investigated. The classical dynamical model implemented in the platypus code is used to understand and quantify the impact of both 6 Li resonance states and transfer-triggered breakup modes (involving short-lived projectile-like nuclei such as 8 Be and 5 Li) on the formation of incomplete fusion products. Model calculations explain the experimental incomplete-fusion excitation function fairly well, indicating that (i) delayed direct breakup of 6 Li reduces the incomplete fusion cross-sections, and (ii) the neutron-stripping channel practically determines those cross-sections.
stochastic breakup [19, 21] . This is done through the input, which includes a breakup function [20, 21] , determined from sub-barrier breakup measurement [8, 10] , that undergoes Monte-Carlo sampling [19, 21] . This breakup function encodes the effect of the Coulomb and nuclear interactions that cause the breakup, making this approach a quantitative dynamical model for relating the sub-barrier ncbu to the above-barrier icf and cf of weakly bound nuclei, rather than a breakup model [19, 21, 22] . It is important to note however that this fusion model only works at energies above the Coulomb barrier generated between the projectile and target. This is due to the absence of quantum tunneling that is the primary way of fusion at sub-and near-barrier energies. There has been a recent attempt to amend this classical model by adding a correction at sub-and near-barrier energies, to take into account quantum tunneling. This was done by incorporating a tunneling factor based on the wkb approximation [23] . This improved the results outputted from the model, relative to experimental subbarrier fusion measurements [23] . Additional modifications have been suggested for interpreting sub-barrier breakup measurements [12] .
The dynamics surrounding prompt and delayed breakup is important to understand [11] , and this is explored in the present work using platypus. For instance, prompt breakup happens in the instant the excitation of the 6 Li projectile is chosen to take place. At this point 6 Li is converted into its cluster fragments (alpha-deuteron) and then the fragments and target propagate according to the defined interactions between them [21] . Delayed breakup is induced by reaching the 1 + , 2 + or 3 + resonant states in 6 Li, which then triggers the dissociation of 6 Li with the delay coming from the half-life of the resonant 6 Li state. The 3 + resonant state has a much longer half-life than the 2 + and 1 + resonant states, so the 6 Li breakup takes place at the outgoing branch of its trajectory, far away from the target nucleus, not affecting fusion. So the effect of the 3 + resonance on fusion will be neglected in the calculations below. The 1 + , 2 + or 3 + resonant states in 6 Li can be described by resonant alpha-deuteron d-states with energy and width of (E res , Γ res ) ≡ (4.18, 1.5), (2.84, 1.7) and (0.716, 0.024) MeV, respectively. Ref. [17] provides details about the alpha-deuteron continuum states of 6 Li. A few required additions to the original version of platypus [22] are explained next, followed by a discussion about model calculations for icf in 6 Li + 209 Bi collisions at energies above the Coulomb barrier. This heavy-ion system is a good test case as unambiguous experimental icf data exist [24] . These experimental icf data refer to the capture of a part of the 6 Li charge by the 209 Bi target [24] , and this definition is adopted in the present study. Conclusions will be drawn about the impact of both the 6 Li resonances as well as transfertriggered breakup (involving the projectile-like nuclei 8 Be and 5 Li) on the icf cross-sections. Model and numerical details. The key additions to the original version of platypus [22] are as follows:
(i) A new branching-ratio (BR) variable is introduced which helps differentiate between delayed (resonant) and prompt (non-resonant) breakup and it is equal to zero and unity when looking at pure delayed (BR = 0) and pure prompt (BR = 1) breakup, respectively. (Only these extreme cases are considered in the present work.) An uniformly generated random number between zero and unity, n, is compared with a fixed value of BR: if n > BR delayed breakup of an excited projectile happens, provided the sampled excitation energy and intrinsic angular momentum of the projectile [19] correspond to a resonance state characterized by its energy and width, otherwise prompt breakup occurs.
(ii) The treatment of lifetime effects in breakup is simpler than the treatment suggested in Refs. [11, 12] . For instance, for 5 Li which originates from the n-stripping process, the ground-state (g.s.) is a resonant alpha-proton p-state with (E res , Γ res ) ≡ (1.96, 2.0) MeV [25] . If a resonant excitation event is sampled, the original location of the excited projectile on the projectile-target orbit is changed to a new location determined by the resonance half-life τ = /Γ res that provides additional propagationtime, so the breakup process may occur either closer to the target in the ingoing branch of the projectile-target trajectory or farther away in the outgoing branch of that trajectory. We have also sampled a distribution of time shifts using an exponential decay law (∝ e −t/τ ), and the present icf cross sections (BR = 0) increase by ∼ 15%.
(iii) The measured 'breakup triggered by n-stripping and d-pickup' functions contain information about both the production probability of 5 Li and 8 Be as well as their breakup probabilities [26] . These functions take care of how much contribution these channels have as compared to the original 6 Li channel [26] , so these functions also describe the competition between the transfer-triggered breakup and the direct breakup of 6 Li. Consequently, for those transfer channels, 5 Li and 8 Be are considered initial projectiles with modified incident energies to match the distance of closest approach R min , i.e., E 0 +Q tr , being E 0 and Q tr the 6 Li incident energies and the average transfer Q-values, respectively. The Q gg tr values are -1.059 MeV (n-stripping) and 13.338 MeV (d-pickup). Effects on R min due to uncertainties of Q tr caused by excitations of both projectilelike and target-like nuclei are not included.
The measured (prompt) breakup functions deduced from the Q-value spectra of the studied channels [8, 10] are characterized by two constants, (α,β), of the exponential function P BU (R min ) = exp(αR min + β). [26] . Refs. [10] [11] [12] explain how these functions are experimentally determined.
The parameters of the Woods-Saxon nuclear interaction between the projectile fragments and the target are determined by approximately matching the corresponding Sao-Paulo potential barriers [27] . Table I presents those parameters, while for the Coulomb interaction the potential of a uniformly charged sphere has been used. All the radius parameters provide a distance determined by r 0 A 1/3 , where A is the heaviest mass in the corresponding binary system. Table II presents the centroid (d 012 ) and variance (σ 012 ) of the Gaussian distributions for the radial g.s. probability density of the different two-body projectiles [22] . These parameters describe the radial probability density inside the radius of the Coulomb barrier between the fragments. This radial probability density is derived from the projectile g.s. wave-function. In sampling breakup, the maximal internal energy and angular momentum of the two-body projectiles are ǫ max = 6 MeV and l max = 4 , as in Ref. [19] . Resonant breakup events are also sampled in this energy and angular momentum window, as explained in point (i). Prompt breakup for partial waves other than a resonant wave is included in the energy region of a resonance. Only even l are included when the breakup fragments are identical. These ǫ max and l max values as well as the values of the orbital angular momenta of the projectiles (L 0 ≤ 100 ) guarantee the convergence of the above-barrier icf and ncbu cross-sections. Results. Figure 1 (a) shows a clear difference between the icf cross-sections for delayed (dashed line) and prompt (solid line) direct breakup of 6 Li. The lower cross-sections for delayed breakup can be explained by the fact that when the projectile is excited to a resonant state the projectile flies past the target, due to the halflife associated with the resonant state, before it breaks up. Most breakup events happen close to the distance of minimal approach [19, 21] . The half-lives for the 1 + and 2 + states are of 4.2 × 10 −22 s and 3.7 × 10 −22 s, respectively. The typical collision time is ∼ 10 −21 s, therefore these short-lived states can have a significant effect on the icf process. This causes the probability of an icf reaction taking place to decrease, as it is less likely for a fragment to be absorbed when resonance states (1 + , 2 + ) are excited near the target. Consequently, the icf and ncbu cross-sections are anticorrelated as observed in Fig. 1(b) . When the projectile is excited to a resonant state, the projectile breaks up in the outgoing branch of its trajectory, making it less likely for a fragment to be absorbed by the target. Figure 2 shows the alpha (dashed line) and deuteron (thin solid line) contributions to the direct icf excitation function (thick solid line). The deuteron contribution is higher than the alpha contribution due to the respective difference in Coulomb barriers between the alpha and the target (∼ 21.25 MeV) and the deuteron and the target (∼ 10.1 MeV). For instance, Fig. 3 shows, for the icf process, the relative kinetic energy distributions for α− 209 Bi and d− 209 Bi immediately following the prompt direct breakup of 6 Li at the incident energy of E c.m. = 50.5 MeV. Although the position of the maxima of these distributions qualitatively agrees with a simple partition of the 6 Li incident energy between the clusters according to their masses (arrows), as depicted in Fig. 3(a) , the role of the individual Coulomb barriers in the respective icf process is crucial, as observed in Fig. 3(b) . In Fig. 3(b) , we can see that the yield of deuterons with a positive kinetic energy (dashed line) is substantially larger than that for alpha particles (solid line), explaining the alpha and deuteron contributions in Fig. 2 . The trends in Fig. 2 the simplified tdwp calculations discussed in Ref. [15] , and disagree with those in Ref. [28] where the icf treatment neglects the competition and correlation between the alpha-and deuteron-capture processes. In Ref. [28] it is assumed that all the observed icf products [24] (i.e., actinium and polonium isotopes) were originated from the 6 Li direct breakup process, which is neither the main observed breakup channel [10] [11] [12] nor the dominant icf route as demonstrated below. Figure 4 presents the different contributions of various reaction processes to the total icf cross-sections (thick solid line) which are compared with experimental data [24] . Together with the direct (delayed and prompt) breakup of 6 Li, transfer-triggered breakup of projectilelike nuclei such as −22 s) whose decay can substantially affect the icf cross-sections as shown in Fig. 4(a) (dashed line) . The n-stripping channel provides the dominant contribution to the icf cross-sections. Figs. 4(a) and 4(b) depict extreme cases of breakup (delayed and prompt), so the real scenario is somewhere in between, which reasonably agrees with the observations. The present classical dynamical model does not treat quantum tunneling, so the description of the experimental data at energies very close to the Coulomb barrier (∼ 29.8 MeV) is not reliable.
Conclusions. The incomplete fusion process for 6 Li + 209 Bi collisions at energies above the Coulomb barrier has been investigated with the classical dynamical model im-plemented in the platypus code. The main conclusions of the present work are as follows:
1. The resonant states (1 + , 2 + ) of 6 Li play an important role in the direct icf and ncbu crosssections, due to the respective half-life of these resonant states (∼ 10 −22 s) relative to the collision time (∼ 10 −21 s). Delayed breakup via excitation of those resonance states reduce the theoretical icf cross-sections.
2. The deuteron contribution to the direct component of icf cross-sections (this component is much smaller than the n-stripping component) is significantly higher than the alpha contribution because of the much smaller Coulomb barrier between the deuteron and the 209 Bi target (by ∼ 11 MeV).
3. The n-stripping channel involving the projectilelike nucleus 5 Li clearly dominates the formation of icf products. This is the central result of the present work. In contrast most quantum mechanical fusion calculations assume that the direct breakup of 6 Li is the dominant icf channel.
4. Using information from sub-barrier breakup measurements, platypus provides a comprehensive and insightful explanation of the icf excitation function at above-barrier energies.
